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INTRODUCTION

To better define the mix variables which influence the fatigue characteristics of asphalt con-
crete and possibly to develop, eventually, a failure criterion which will adequately describe the
fatigue mechanism in asphalt mixtures, a four-year program is now underway at the Soil Me~
chanics and Bituminous Materials Laboratory of the University of Califernia. This program is
financed by a research grant from the Materialg and Research Department of the California Di-
vision of Highways.

The specific objectives of the research program are developed on a yearly basis through dis-
cussions between the staffs of the Pavements Section of the Materials and Research Department
and of the Laboratory at the University, During the first year it was intended that the investiiga-
tion attempt to define the effects of asphalt type and hardness and aggregate type on the behavior
of mixtures in repeated flexure.

The asphalts to be investigated included:

1. One, 85-100 penetration asphalt cement (low penetration ratio).

2, One, 85-100 penetration asphalt cement (used in asphalt concrete pavements at AASHO
Road Test).

3. Three asphalt cements from one source (medium penetration ratio):

a, 120-150 pen,
b. 85-100 pen.
» ¢, 40-50 pen,

These materials, with the exception of the AASHO asphalt, were supplied by the Materials and
- Research Department and were obtained from CGalifornia productions.
The aggregate types to be investigated included:

1, Crughed granite from Watsonville, California,
2. Crushed gravel from Sacramento, California,

The purpose of this report is to summarize the results of this first year's effort, It will be
noted that about one-half of the intended study utilizing the project materials was completed.
The availability of data from another project, however, has made it possible to include indica-
tions of the effects of all of the desired variables,

While the primary objective of the research is to study the fatigue characteristics of asphalt
concrete, the range in materials being investigated made desirable a gecondary objective,
namely, the development of thermal stress due to restraint of deformation in asphalt concrete
which would arise from daily temperature changes. Some data pertaining to this objective are
also presented in this report,

MATERIALS AND SPECIMENS

As noted in the introduction, while it was originally planned that two different aggregate types
would be tested, time limitations permitted the utilization of one aggregate, the crushed granite
from Watsonville, California,

- This material has a uniform apparent specific gravity of 2,92, Previous tests on the material
using the Rice vacuum saturation technique* indicated an effective specific gravity of 2,92 also,
The grading, as defined in the original proposal, was to conform to the 1/2-in, maximum, me-
dium gradation of the 1960 State of California Standard Specifications. A plot of the actual grad-

—
Rice, J. M., '"Volumetric Methods for Measuring Asphalt Content and Effective Gravity of Ag-
gregates in Bituminous Mixtures", Proceedings, AAPT, Vol, 22, 1953, p., 284,
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Fig. 1 — Grading curve Watsonville aggregate,

ing, together with specification limits, is shown in Fig. 1. To insure uniformity in the grada-
tion of the aggregate, all the material was separated into individual sizes by screening and then
recombined to obtain the desired proportions.

Five asphalts were to be investigated, Four of the materials were supplied by the Materials
and Research Laboratory and are representative of California asphalts. The fifth material is a
sample of the asphalt used in the AASHO Road Test and supplied directly to the University by
the test road staff. This material was sampled from the feeder line of one of the plants at the
time of the paving operation on the project. Table 1 contains results of 1960 Standard Specifi-
cation tests performed on the California asphalts by the Materials and Research Laboratory
staff. Since the sample of the AASHO material supplied from our stock was insufficient to per-
mit the 1960 standard tests, other than penetration, to be performed, included for the AASHO
asphalt are average data obtained by the test road staff on twelve samples of the material ob-
tained from the two refinery tanks. Table 2 lists test results for the five asphalts based on
tesis required in the new tentative specifications published in 1962, *

For convenience the asphalts will, in the remainder of the report, be referred to by letter.
The coding adopted is shown in Table 3. Also shown in this table is a comparison of the results
of penetration tests performed on the original samples by the staff of the University Laboratory
and by the State Laboratory,

In this investigation, asphalt content was not intended to be a variable. Thus the mixtures
containing each of the asphalts were tested in fatigue at an asphalt content which would be rep-
resentative of field conditions. This asphalt content was selected utilizing the mix design pro-
cedure of the State of California** and the 1960 standard specifications for a Type B aggregate,

* Hveem, F.N., E. Zube and J, Skog, "Proposed New Tests and Specifications for Paving
Grade Asphalts', Proceedings, AAPT, Vol. 32, 1963, pp. 271-328.
** California Test Method Nog, 304C, 305B; and 3068,
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TABLE 3 — DESIGNATION OF ASPHALTS USED IN FATIGUE STUDIES

Materials &

o o
Sample Dii?;zfil::)u Ma]ifné %e':?’ Eab. De s[;?gr?a:tion P%IT .Ca:t SbF
Standard 40-50 R-3655 39 8-2 -
Standard 85-100 R-3656 96 s5-1 90
Standard 120-150 R-3657 119 5-3 -
Golden Bear 85-100 R-3618 85 G 89
AASHO 85-100 R-3722 90 E 90
Shell 85-100% - - A 89
Shell 40-50% - - B 41

*
fI‘hese materials were not part of the investigation but results of specimens contain-
ing these materials are inciuded in the report to illustrate certain behavior charac-
teristics,

Results of these mix designs are shown in Figs, 2, 3 and 4. The asphalt content for specimens
containing asphalts 8-1 was selected at 5.9 percent and for asphalt G at 5.8 percent,

Beam specimens of approximately 2x3x12 in, were fabricated using the Triaxial Institute
Kneading Compactor and the procedure described in Ref. 1. * After compaction and prior to
testing, the top surface and both sides of each of the beams were sawed with a diamond tipped
table saw to obtain a greater degree of uniformity between gpecimens. This sawing resulted in
test specimens with final dimensions of 2.0x2,7x12 in, The number of specimens prepared
and tested for each series is shown in Table 4, Also shown in this table are the number of
specimens tested in the B serieg for purposes of comparison. It will be noted that air void con-
tent rather than density is indicated for the specimens., From our test results to date, and also
as indicated by Saal and Pell? the percent air voids could appear to be significantly related to
the fatigue life for a given mix. Thus to have some measure of the variability of results for
comparison within a series and between series, mean values and standard deviations are shown.

A total of 160 specimens have been prepared to date using the project asphalts, In addition,
the resulis presented utilizing the Shell materials are based on a total of approximately 200
specimens,

TABLE 4 — PRELIMINARY TEST RESULTS ON LABORATORY
PREPARED SPECIMENS

Tests at 75" F Tests at 40°F
Szf'is;s Totafl No, Percent Air Voids Total No. Percent Air Voeids
Spec? imens Mean Sgﬁ:ﬁiﬂi Vgg:?:;:igi , Spegfmen s Mean ]:S)Zil;g;zi Vg.:ie:{:iocfn ’
Percent . Percent
E 30 4,42 0.356 8.1 37 5.12 0,367 7.1
G 27 3.92 0,367 9.4 26 5,36 0.476 8.9
8-1 10 4,75 0.236 5,0 27 5,47 0.585 10.7
B 43 4.91 0.531 10.8 77 4,20 0.305 7.3

="I\Tumbers refer to references appended to this report,
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TEST EQUIPMENT AND PROCEDURES

The equipment used to test the beam specimens in repeated flexure is illustrated schemat~
ically in Fig. 5a. Load is applied to the specimen resting on the spring base through an air
cylinder acting against a loading yoke, The size of the cylinder is varied depending upon the
range of loads to be applied to the specimens. Frequency and duration of load are controlled
electronically and can be varied over a wide range of time from a minimum of 0,1 see. A more
detailed description of the operation of this equipment is included in Refs. 1 and 3,

For this investigation, one duration (approximately 0.1 sec) and one frequency (30 applica-
tiong per min) of load application were utilized, It should be noted at this point that frequency
of load application might appear to be an important variable and should be considered in future
investigations. In previous work® it was reported that frequency had no effect on specimen be-
havior in repeated flexure in the range 3 to 30 repetitions per min, Recent preliminary investi-
gations, however, in a frequency range from 30 to 100 repetitions per minute would tend to in-
dicate a reductmn in fatigue life at a particular stress or strain level with mcrease in frequency
in this latter range.

A typical load and strainvs, time trace is illugtrated in ®ig. 5b. It will be noted that the
strain has completely recovered prior to the application of the next load,

In fatigue testing, either controlled stress (or controlled load) or controlled strain {or con-
trolled deflection) tests may be performed. For this investigation, constant sirain amplitude
testing was selected with the intensity of tensile strain during the test monitored by SR-4 type
strain gages nominally 1 in. in length bonded to the lower surface of each of the beams with a
thin film of epoxy cement.

Two gages were used on each beam directly below the center of load application in the region
of maximum strain intensity, The longitudinal axis of each gage was located 1/4in. from the
edge of the beam and parallel to it. During the test, a layer of teflon tape was used between the
gage and the flexible diaphragm of the spring base to minimize friction between the gage and the
base.

To determine the fat1gue life at a particular strain level, a series of specimens were subjec-
ted to varying numbers of load applications. At the end of a particular number of applications,
the specimen under investigation was tested in simple flexure using third point loading and the
modulus of rupture was computed from the maximum observed load. By expressing this result
ag a percentage of the modulus determined for a series of unflexed specimens, an indication
of the development of damage with load repetitions is obtained, Typical data of this type are
illustrated in Figs. 6 and 7 for specimens prepared with asphalt sample E. Table 5 contains a
summary of the moduli for the unflexed specimens for all series both at 75°F and 40°F. For
this investigation the fatigue life (cycles to failure) is defined as the number of load applications
to (;:ause a 109 reduction in the modulus of rupture. This definition is illustrated in both Figs, 6
and 7

By performing tests of this type for a series of sirain levels at one temperature, a strain vs.
cycles-to-failure curve such as that illustrated in Fig. 8 can be obtained, By repeating this
process at different temperatures a family of curves can be obtained, two of which are illustra~
ted on Fig. 8, that is, one at 40°F and the other at 75°F.

TABLE 5 — MODULUS OF RUPTURE OF UNFLEXED SPECIMENS

Test Tests at 75°F Tests at 40°F
Series
Mean Standard Coef. of Mean Standard Coef, of
gunélf)er of Modulus, Deviation, Variation, g}:‘::;?rilc‘el;): Modulus, Deviation, Variation,
pecimens psi psi Percent psi psi Percent
E 12 102 10.3 10,0 14 553 39.1 7.1
G 12 80,8 10.8 13.4 9 936 88.6 9.5
8-1 4 110 3.0 2.9 10 690 67.0 9.7
B 20 146 27.3 18.7 29 940 149.7 15.9
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900 x 1076 in, per in. at 75° F, 400,000 load applications.

In this discussion it has been emphasized that the resulis were obtained from constant-strain-
amplitude, repeated-load tests. During the course of testing of an individual beam it may or
may not be necessary to vary the load to maintain constant strain. Figs, 9 and 10 illustrate the
variations of load wiith number of load applications for specimens prepared with asphalt sample
E.

Fig, 8 illustrates data generally typical of those obtained for atl specimens at 75°F; the load
remains essentially constant to the estimated fatigue life. At 40°F, on the other hand, the load
must gradually be reduced to maintain a constant strain amplitude; thlS point is 111ustrated in
Fig. 10,

Above it was stated that two strain gages are used on each beam specimen. The average of
the strain values obtained from both gages is that reported, since it would be fortuitous if both
gages indicated exactly the same strain, even near the start of a particular test, Figs, 10 and
11 are presented to illustirate the extent of variation of the actual strain readings from the mean
value reported,

In Fig. 11, for specimens prepared with asphalt sample E and tested at 75°F at a mean
strain level of 900x10~%in, per in., it will be noted that the deviation from the mean is less
than 5 percent in the majority of specimens tested; that is, the strain in the two gages varied at
the most from 855 to 945x10~6in, perin. Also it will be noted that this dxfference remained
essentially constant for the range of load applications investigated. At 40°F, on the other hand,
a different behavior pattern was obtained, as 1llustrated in Fig. 12, Inltlally the deviation from
the mean was of the same order as that noted at 75°F. However, with increasing numbers of
load applications, the difference in strain between the gages 1ncreased also the load, as indica-
ted earlier, decreased. This behavior is quite interesting in that it would indicate 2 d1fference
in damageprogressmn (crack development), which is temperature dependent, At 75°F, for exam-
ple, it would appear that a number of small cracks, randomly distributed, in the vicinity of the
sectmn subjected to maximum strain gradually develops with number of load applications. At
40°F, however, the data would seem to indicate that one large crack generally develops¥ ag

Pell4 5 has presented interesting data on crack propagation recently which tend to substanti-
ate thls hypothesis,
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Fig. 7T — Modulus of rupture vs. number of load applications for specimens prepared with
asphalt sample E at strain amplitude of 900 x 10-6in. per in. at 40°F.,
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Fig. 8 — Results of constant strain amplitude fatigue tests at 40°F and 75°F for
specimens prepared with asphalt sample E.
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Fig. 9 — Load required to produce 900 x 10-6in. per in. strain vs. number of load
applications for specimens prepared with asphalt sample E at 75°F.
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Fig. 10 — Load required to produce 500 x 10-8in. per in. strain vs. number of load
applications for specimens prepared with asphalt sample E at 40°F.
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Fig. 13 — Results of constant strain amplitude fatigue tests at 40°F and 75°F
for specimens prepared with asphalt sample G.
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indicated by the difference in strain readings between the two gages and that this propagates
relatively quickly near the estimated fatigue life as indicated by the large rate of increase in
deviation of strain illustrated in Fig. 12. Greater attention should probably be directed to this
aspect in future investigations in order to better define this facet of the problem.

FATIGUE DATA

Utilizing the tests and analyses described in the previous section, strain vs. cycles-to-failure
data are presented in Figs. 8, 13, and 14 for specimens containing the project asphalts and the
Watsonville granite at temperatures of 40°F and 75°F, TFigure 15 contains data obtained from
specimens using asphalt samples A and B and a crushed basalt aggregate from Contra Costa
County, This data is presented to illustrate certain aspects of behavior which will also be dem-
onstrated with project asphalts and the Watsonville granite during this next year,

In examining the detailed results presented in Figs. 8 and 13 for asphait samples E and G,
respectively, it will be noted that there is a considerable difference in the fatigue lives at 75°F
and 40°F, approximately two orders of magnitude at a particular strain level.

The resulis of the E and G series are summarized in Fig, 14 for purposes of comparison,
Also shown in the figure are the results of tests at one strain amplitude at 75°F and 40°F for
specimens prepared with sample 8-1. It will be noted that the curves of strain va. cyclez~to-
failure for asphalts E and G are parallel at 75°F. For this reason the curve for asgphalt 5-1 is
drawn through the one test point parallel to these curves as a tentative indication.

At 40°F, the specimens prepared with sample S-1 exhibit the same behavior as specimens
pPrepared with asphalt E at the one strain level tested,

From a cursory examination of the curves, one might conclude that asphalt sample E would
appear to give better performance in fatigue than asphalt sample G; also, tentatively, it would
appear that asphalt sample S8-1 would appear to perform the same as asphalt sample E at 40°F.
Before these conclusions are drawn, however, one should examine the laboratory data in more
detail. This point will be discussed further in the next section,

Figure 15 illustrates laboratory data of the same type as that shown in Figs, 8,13, and 14, In
this case, however, the specimens were prepared with a crushed basalt conforming to the 3/4-in.
maximum-medium gradation of the 1960 State of California Specifications. As noted earlier,
asphalt A ig an 85-100 penetration asphalt cement and asphalt B is a 40-50 penetration material,
both of which meet the 1960 specification requirements, This data is presented parimarily to
illustrate the point that the hardness of the asphalt appears to have no effect on the relationship
between strain and cycles to failure at different temperatures. It will be noted in this plot that
85-100 and 40-50 materials produce the same relationship both at 75°F and 40°F. This may in
part be due to the fact that the difference in mix properties between 75°F and 40°F is very large
in comparison to the difference between the 40-50 and 85-100 materials at either temperature,

Also shown in this figure, primarily for informational purposes since the data is somewhat
limited, are the results of laboratory tests performed on specimens sawed from the pavement
containing the 40-50 penetration asphalt in the field, in this case, Shell Ave. in Martinez,
California. Tests performed on the specimens taken immediately after construction exhibit
the same results at 40°¥F as the laboratory prepared specimens. On the other hand, it would
appear that some damage has been induced in the pavement sampled 18 months after construc-
tion since the range of values obtained for a series of specimens lies to the left of the 40°F line
as shown. This could be due in part to embrittlement of the asphalt and in part due to traffic
induced damage.

Again, for informational purposes, some preliminary results of tests at 40°F uging the mix
with asphalt sample B and 2.5% by weight of asbestos fibers are illustrated in Fig. 15. It will be
noted that the results of the one geries lie somewhat to the right of the 40°F line for the conven -
tional mixes. This type of data has also been obtained by another investigator for the same mix-
tures.

DISCUSSION OF FATIGUE TEST DATA

As noted in the p:gevious section, by examining Fig, 14 one might tend to rate the performance
of the asphaits at 75" F in the order asphalt E, asphalt S-1, and asphalt G, Similarly at 40°F,
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the order would appear to be asphalt E and 8-1 together followed by asphalt G, Before such
conclusion are drawn, however, the testing procedure again should be noted, The tesis are con-
ducted at constant bending strain amplitude, To obtain this strain level, the load is adjusted to
different intensities, depending on the temperature and the asphalt being used. As an example,
in the following table the loads required to produce 350x10-8in. per in. strain at 40°F are
shown for the various test series.

TABLE 6 — LOAD TO PRODUCE STRAIN AMPLITUDE OF
350 x 1075 IN, PER IN. AT 40°F

Test Series Start of Test At Estimated Fatigue Life
Average - 1b | Range - 1b Average - 1b
E 295 270-345 205
G 490 365-540 380
8-1 387 310-460 236

It can be seen that considerably greater load is required to produce the same strain in speci-
mens prepared with aspbalt G as compared with those prepared using asphalt E. Specimens
containing asphalt S-1 required an intermediate load,

This data would suggest that consideration also be given to stress vs. cycles-to-failure data
and stiffness characteristics for the specimens containing the various asphalts, With the par-
ticular apparatus, however, it is difficult to estimate the stress since the loading pattern on the
beams is comphcated by the sprmg base, ¥ The data noted in Table 6 were cbtained for one
strain levgl at 40°F. At 75°F a similar trend is noted in that the loads required to produce
1200x 1077 in. per in. strain are 170 lb, 155 1b, and 145 lh, respectively, for specimens pro-
duced with asphalts G, 8-1 and E in that order

To attempt to place the data obtained thus far in proper perspective, it would seem appropri-
ate to consider overall pavement behavior. One approach is to utilize layered system theory
to agsist in this examination, To do this, as noted below, stiffnesses or some indication of the
moduli of the pavement materials are required under the particular conditions of loading, Ina
qualitative manner one might conclude that when the asphalt layer is relatively thin in compari-
son to the overall pavement structure, the asphalt mixture which exhibits a longer fatigue life at
a given strain level would perform more satisfactorily in the field; the reason being that the
strain which develops in the asphalt layer will be controlled by the underlying materials primar-
ily. In thicker asphalt layers, however, one cannot generalize since the strain which develops
will be a function both of the thickmess of the layer and the relative stiffness of the asphait layer
and the underlying material.

%
The equation for the center moment for a beam of finite length on an elastic foundation subjected
to center loading is:

M = L. . coshgé - cos pi
46  sin hps + sin B2
where: 6 =_4 %
£ = length of beam

k

Thus it can be seen that it is relatively difficult to obtain guantitative information on the actual
stresses without additional measurements of E (or stiffness) under actual loading conditions
including the effects of time and temperature,

subgrade modulus

]
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Utilizing three~layer theory for the following conditions, some relative indications of the
above statements can be obtained

Case 1 Case 2
4n [ e 41—
) |
_ _ 100,000 psi
| by =27 By =500 000 pei
_ 100, 000 psi
hy =8 E1 = 200,000 psi
h, =16"  E, = 20,000 psi
hy=10"  E, = 20,000 psi
v
E, = 5,000 psi E, = 5,000 psi

The thin layer will be represented by 2 in. of asphalt concrete and the thick layer by 8 in, of the
same material, Further, it will be assumed that the modulus or stiffness of the asphalt layer
will vary by a factor of two, i.e., 100,000 pei and 200,000 psi, respectively, For these condi-
tions and utilizing three-layer elastic theory, the tensile strain on the underside of the asphalt
layer can be determined, To obtain a relative indication of the effect of stiffness and layer
thickness, consider the strain computed for the case hy = 2 in. and Eq =100,000 as unity. For
the same condition, when the stiffness is increased to 200,000 psi, the strain on the underside
of the asphalt layer is 84 percent of the value obtained for the case with Eq = 100,000 psi.

When by is increased to 8 in. {(case 2}, the strains are 38% when E{ is 100,000 pgi and 27%
when Eq is 200,000 psi, respectively, of the value obtained for hi{ =2 in, and E, =100,000 psi.
These computations are summarized in Table 7.

Also included in the table is the ratio of the strains for both cases 1 and 2. It will be noted
that the effect of increase in pavement stiffness increases as the pavement thickness increases.

TABLE 7 — RELATIVE TENSILE STRAIN AT UNDERSIDE OF SURFACE LAYER

E1 - psi
Strain Ratio
100,000 200, 000
Case 1 1 .84 1.2
Cage 2 .38 .27 1,4

Assume that the pavement with Eq = 100,000 psi is represented by the mix prepared with as-
phalt sample E and the pavement with Eq = 200,000 psi by the mix containing asphalt G. Justi-
fication for this comparison could be obtained, it would appear, from Table 6, Assume further
that a 2-in, thick layer with asphalt E (E; = 100,000 psi) is subjected to a loading condition such
that the resulting tensile strain on the underside of the layer is 600x 10-6in, per in, If the data
shown in Fig. 14 are representative of field performance, then a service life of 10,000 cycles
would be obtained. Correspondingly, for a 2-in, pavement prepared with asphalt G (Eq =
200, 000 psi) the strain would be about 500x10~6in, per in. (0.84x600x10-6 as indicafed in
Table 7), At this strain level the service life as obtained from Fig, 14 for asphalt G would be
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less than 1000 cycles, Hence for this condition, mixtures prepared with asphali E would appear
to give better performance.

For the 8-in, pavement, on the other hand, and for the condition of load which produced
600x10 6 in, per in. strain in the 2-in. layer (E1 = 100,000 psi}, the corresponding value of
strain is about 230x10~6in, per in. (0.38x600%10® as indicated in Table 7). At this strain
level, the service life for mixes containing asphalt E is approximately 400,000 cycles. In the
gsame thickness of pavement, using asphalt G (Eq = 200, 000 psi), the strain level according to
Table 7 would be about 160x10-8 in. per in, (0.27x600x10~%in, per in.) and the corresponding
service life from Fig. 14 is 500, 000 cycles.

At 75°F, using a hase strain of 1200x10-6 in, per in, and the analysis explained in the above
paragraphs, mixtures containing asphalt G do not, even at low strain levels (case 2),exceed the
service lives of those containing asphait E, However, while there is a significant difference in
service lives at high strain levels there is virtually little difference at the lower level corres-
ponding to the thicker sections of asphalt concrete.

At this point it should be emphasized that no attempt is being made to justify the California
asphalt as compared to the mid-continent material. Rather the purpose here is to point out that
comparisons of different materials is not a simple task.

The data presented in Fig, 15 are quite significant, In this case, comparing two asphalts
from the same source, one obtains the same relationship between cycles-to-failure and strain at
both 40°F and 75°F, It is possible that specimens prepared with the 40-50 material may be
somewhat stiffer than those prepared with the 85-100 asphalt, Hence some increase in service
life may be obtainable for specimens containing the harder material, The position of the 75°F
curve for these materials is somewhat to the left of the data for asphalts contained in the project
test series. However, this difference may be caused by aggregate gradation and/or aggregate
type since it is presumed that the 85-100 pen. asphalt (A series) may correspond somewhat to
asphalt §-1,

Fatigue tests performed on specimens taken from the section of pavement containing the
40-50 pen. asphalt shortly after construction appear to give essentially the same results as the
laboratoxéy specimens, when densities are the same. Thig ig indicated by the one set of data at
300x10-6in, per in. at 40°F shown in Fig. 15, It is interesting to note, however, that some of
the field specimens existed at densities lower than those obtained for the laboratory specimens.
Their corresponding fatigue lives were less. This point is also now being well demonstrated in
constant stress amplitude fests in another investigation being conducted at the University labora-
tory. .

For field specimens taken 18 months after construction, the fatigue life at 300x 108 1in, per
in. strain is less than that obtained immediately after construction. However, the load to pro~
duce this strain was approximately 10% higher (considering average results) for the aged
materialg than for the unaged mixtures. It is interesting to note that the range in loads to pro-
duce this strain was quite large for this latter series indicating the possibility of some damage
actually being done in the field; hence the range in values in Fig. 15 rather than a specific point,

In general the data obtained to date would suggest that:

1. Asphalt type would appear to effect the fatigue results in constant-strain-amplitude tests.

2. For asphalis from the same source, the initial hardness would not appear to affect the strain
vs. cycles-to-failure relationship in constani-strain-amplitude tests at a particular tempera-
ture,

3. The density of specimens (and indirectly the air void content) would appear to affect test re-
sults with longer life associated with higher densities (lower air void contents). This rela-
tionship may not be a direct proportion, however, since at higher void contents the possibili-
ties of stress concentrations exist.

4. To interpret the results of constant-strain-fatigue tests, the stiffness of the material under
the particular conditions of loading as well as the strain vs. cycles-to-failure relationship
would appear to be necessary,

5. Aggregate type and grading may affect the strain vs. cycles-to-failure relationship.
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RECOMMENDATIONS FOR RESEARCH FOR 1963-64 AND BEYOND

As noted in the introduction, it was planned that during the year 1962-63 five asphalts and two
- . different aggregates would be investigated, Approximately one~half the work hag actually been
completed. Thus, the first part of the program this next year will be to complete the original
program which includes testing of the S-series asphalts, that is, the 40-50 and 120-150 materi-
als as well as the 85-100 asphalt with the Watsonville aggregate, In addition, it will be neces-
sary to perform a similar series of tests with a crushed gravel supplied by the Materials and
Research Department. It is planned that the tests on the crushed gravel will not be as exten-
sive as those performed with the granite since any trends obtained for this material should be
similar to those obtained for the granite. This program may require the year to compiete.

Beyond this, it is suggested that some consideration be given to the effect of density (and
permeability) for a particular mix to demonstrate from a fatigue standpoint the importance of
prope}; compaction in the field. Preliminary evidence would indicate this to be an important
variable,

An important question which has arisen this year relates to the type of test being used to
measure fatigue behavior, For the mixes whose performance is illustrated in Fig. 15, another
investigator developed relationships between strain and cycles—to-failure based on constant
stress tests which differ somewhat from those presented in this report (these latter data are al-
so based on a different criterion for failure}. Thus it would seem quite important to relate the
behavior of mixes in both constant strain and constant-stress-amplitude tests, Beyond this, of
course, it will be necessary to relate either or both of these laboratory test conditions to those
which exist on an actual pavement. As noted earlier it is posgible that the results of both types
of tests may be required depending upon the usage of the pavement in the field. TFinally, the pos-
sibility of an energy criterion rather than either stress or strain should be congidered for the
definition of fatigue failure, ‘

During thig next year it would also appear worthwhile to begin the planning of some field test
sections specifically to examine fatigue cracking, This type of approach should permit the com-
» parison of laboratory results with actual performance and should also permit the study of the

effects of weathering on fatigue behavior. Some experience has been gained in this type of
approach with the assistance of the County of Contra Costa on the Shell Ave. test road, Unfor-
tunately, this particular road did not have as its specific goal the above-mentioned approach,

Along with the tie-in with field performance, some consideration should be given to cumula-
tive damage aspects. Furtunately some preliminary work along these lines is being done in
another investigation, the results of which should be available next June and should be of assist-
ance in future planning for this project.

During this next year it is also hoped that some of the mixtures tested in the University lab-
oratory can be examined by the Materials and Research Department. Specifically, it would ap-
Pear quite important to examine the properties of the asphalts recovered from the beam speci-
mens as compared to the properties of the original asphalts, If this suggestion is agreeable to
the Department, specimeng which have been subjected to loading will be transmitted to Sacramen-
to, This phase of the investigation would appear to be important in that it should assgist in taking
the studies from a purely phenomenological level to one closer to explaining why fatigue actually
occurs.

TEMPERATURE STRESS STUDY

As noted in the original proposal it was anticipated that some studies might possibly be con-
ducted of the development of thermal stresses in asphalt concrete due to the restraint of tem-
perature deformations,

During the summer of 1963, some progress was made along these lines using the project as-
phalts, Beam specimens were fabricated utilizing the same procedure as that used for the fa-
tigue specimens. After compaction, however, each of the 2in, x3in, x 12 in, specimens was
- sawed into four 1-in, x1in, x12in, specimens.

Each of these specimens was then placed in an invar frame shown gchematically in Fig. 16.
This apparatus is comparatively rigid and is thus capable of praciically restraining any defor-
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mation that may develop in the asphalt concrete due to tempetature change. To further minimize
deformations in the frame, it is surrounded by a constant temperature cabinet.

In order to subject the asphalt concrete specimens to temperature change, a small cabinet il-
tustrated schematieally in Fig. 17 is placed inside the larger chamber noted above and encompasg-
ses 10 in, of the specimen as indicated in Fig, 16, This small cabinet is connected to an exter-
nal heat source which is capable of providing the required temperature variations around the test
specimen,

Briefly, the test procedure is as follows. A particular specimen is placed in the invar frame
with its ends inside the end clamps (Fig. 16). The temperature-controlled cabinet is placed over
the specimen and the constant temperature cabinet over the entire test frame. The temperature
in the inner cahinet is then raised to the starting test emperature of about 140°F to allow the
specimen to expand freely before being clamped in position to the frame. At the same time the
temperature in the outer (larger) cabinet is brought to a constant value of 100°F to allow the test
frame to reach equilibrium. After 4 hours at these temperatures, the outer cabinet is momen-
tarily removed to allow the specimen ends, which project beyond the inner cabinet, to be fixed.
This is accomplished by coating the ends of the specimen with an epoxy-resin potting compound,
The resin is allowed to cure overnight before the test is initiated with the temperature of both
the inner and outer cabinets held constant during this time. An actual test is then conducted by
lowering the temperature in the small inner cabinet at any desired constant rate, while record-
ing load (SR-4 load cell—TFig. 16) and temperature, Automatic cycling in the temperature range
140°F to 20°F is possible for any number of cycles.

Results of one cycle of temperature reduction are shown in Fig. 18 for a specimen containing
asphalt E at a cooling rate of 11°F per hour. It will be noted that no stress is developed in the
gpecimen until a temperature of less than about 40°F is obtained, Fig, 19 illustrates the re-
sults of two cycles of temperature change (cooling—heating—cooling) of 14°F per hour for a
specimen prepared with asphalt G. Essentially the same behavior is obtained for asphalt G as
with asphalt E. This data would indicate that in the range 140°F to 40°F the asphalt concrete
specimens can relax suificiently fast so that no stress is developed.

Fig. 20 illustrates the development of tensile stress in a specimen of asphalt concrete subject-
ed to six eycles of cooling at 18" F per hour., (The asphalt in this specimen is similar to S-1.)
This data illustrates the same general trend as obtained for the project asphalts. It is included
to show that it is necessary to obtain temperatures well below 40°F in order to develop appreci-
able tengile stress—at least for the practical rates of cooling considered herein,

Thigs data is introduced at this time primarily to illustrate that the asphait concrete, in a
practical temperature range and under rates of cooling comparable or even faster than those
which might develop in the field, probably exhibits relaxation characteristics suificient to pre-
clude the development of tensile ptresses which might result in thermal cracking.
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